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r Operation principle of a GM-APD
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Haitz JAP 35 (1964)

F16. 3. Shape of current pulse for 6;<r (Fo).

OFF condition: avalanche quenched, switch open,
capacitance charged until no current flowing
from V., to Vg, with time constant R xC, = 1, (— recovery time)

P,; = turn-on probability _ P., = turn-off probability

probability that a probability that the
carrier traversing the number of carriers
high-field region triggers traversing the high-field
the avalanche region fluctuates to 0

ON condition: avalanche triggered, switch closed
C, discharges to Vg, with a time constant RaxCp= Ty yaer
at the same time the external current asymptotic grows to (Vg ,s-Vgp)/(Ry+R))



L Operation principle of a GM-APD
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If R, is high enough the internal current is so low that fsec)[ T T T T T T T
statistical fluctuations may quench the avalanche 08 i J
' A (VBIAS-VBD)/(RQ-I-RS):Ilatch 108 |- 7
1-exp(-t/t,) I 0% I- i
- Latch '
\ / eXp( t/TQ) Pio » [ | current i
99% recovery time ~ 5 1, o |
- — > g 7
—e t T |
The leading hedge of the signal is much |0'2l: |
faster than trailing edge: R N
1. 1,= Rs*Cp << Ry Cp =1, | 0 20 40 60 [uA]
2. turn-off mean time is very short P 2 Tunof orababi : d_: -
. . . _ ‘1G. 2. Turnoff probability per second as function of pulse current.
(if Ry sufficiently high, | _ . ~ 10uA) Haitz JAP 35 (1964)

The charge collected per event is the area under the exponential
which is determined by circuital elements and bias.

‘ It is possible to define a GAIN (discharge of a capacitor !!!)

Gzlmax'TQ:(V _VBD).TQ:(V _VBD)'C

q. (RQ+RS)'qe d.

Gain fluctuations in GM-APD are smaller than in APD
because electrons and holes give the same signal !!!

bias bias D




r GM-APD timing: fast and slow components

1EO0

1) Fast component: gaussian " A.Spinelli Ph.D thesis
with time scale O(10ps) e L
Statistical fluctuations in the avalanche: T Leo -
o EIEE
« Longitudinal build-up (minor contribution) 5 - oy Y,
5 1E-3 £ ML r
. . . . © = 'Jf ,!'.r-?-ﬁ_-’“k _r-"r‘l
« Transversal propagation (main contribution): L Tl
- via Multiplication assisted diffusion 1E-4 £ ] ﬁﬂ simulation w/o quenching:
(dominating) : steady current reached .
A.Lacaita et al. APL and El.Lett. 1990 1E-5 — ' T
- via Photon assisted propagation o s 1 15 20 25 30 35
PP.Webb, R.J. McIintyre RCA Eng. 1982 Tempo [ps]
A.Lacaita et al. APL 1992 9
- Photon @ center of the cell
hy ®r
S 1 4 — 8|
— .. B n o ,/‘ E. i
= T‘I I g S
E p g L | _—
3 3
S Multiplication assisted Photon assisted -
%’ diffusion propagation 2r
1 |—
8 Dependence of avalanche build-up rate o
on the impact position (- cell size) o 2 4 B B 1D
Tempa [naE]

Higher overvoltage - improved time resolution t;



_r GM-APD timing: fast and slow components

2) Slow component: minor non gaussian tails
with time scale O(ns)

Carriers photogenerated in the neutral regions beneath the junction and
reaching the electric field region by diffusion

G.Ripamonti, S.Cova Sol.State Electronics (1985)
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tail lifetime: 1 ~ L2/ @D
L = effective neutral |ayer thickness S.Cova et al. NIST WOFkShOp on SPD (2003)
D = diffusion coefficient
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Shorter wavelengths - higher resolution (less tails)



.4 Single photon time resolution: measurement

Experimental Method

* SIPM exposed to pulsed femto-second laser
In low light intensity conditions (single photon)

« SIPM signal is sampled at high rate and
the time of the pulses measured
by waveform analysis

* Time resolution measured by studying
the distribution of time differences
between successive pulses (from the same SiPM)

« Samples: FBK-IRST, Hamamatsu (HPK), CPTA/Photonique

G.Collazuol - PIXEL 2008



r Experimental Setup
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Low noise LV LeCroy SDA 6020
Pump Laser Crystal for Second_ suppliers Y
Millenia V (Spectra-physics) Harmonic Generation (SHG) Analog bandwidth: 6GHz
solid state CW visible laser conversion 800 nm - 400 nm Sampling rate: 20GS/s
efficiency at % level Dark box { Vertical resolution: 8 bits
Ti:sappire SiPM + #&0 (Aknowledments:
pump laser laser SHG II amplifier E.Marcon, LeCroy)
: External trigger from
Filters : ;
Mode-locked blue + neutral Ti:sappire laser
Ti:sapphire Laser for rejecting IR light signal
Tsunami (Spectra-physics) and tune intensity
femtosecond pulsed laser _
Electronics
wavelength: tuned at 800£15 nm 'T* Vgonversl'ton via RLf-Sf-OO?-) = x50,
. . wo stage voltage amplification (= x
pU|Se Wld_th' 60 fs FWHM based on high-bandwidth low-noise
pulse period: ~ 12 ns RF amplifier: gali-5 (MiniCircuit)
pulse timing jitter < 100 fs o Ve Zip= 500

Data taking conditions:
- different V, __
« both at 800 nm and 400 nm
- with different light intensities
(counting rates
in the range 10+20 Mhz
ie 15+30 KHz per single cell)

R,
q\W

%
-

1

/

(Aknowledments:
F.Morsani and L.Zaccarelli, INFN-Pisa)

e m

Rﬁc



r Waveform analysis: method
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(1) Selection of candidate peaks:
* single photon peaks
« proper signal shape
 low instantaneous intensity
(no activity before/after within 50ns)
* low noise during the previous 10 ns
(typical noise ~ 1mV rms)
time (ns)

0 20 40

80 100

(2) Peak reconstruction

« optimum time reconstruction

« amplitude and width (baseline
shift correction)

(3) Time difference At between
consecutive peaks

120 140 160 180 200

A(VE

P Wil
0 N Mw"‘ |
= I
L
1p.e. \

-0.02

-0.04

-0.06

-0.08

-0.1

-0.12

| T

|

NOTE: working fine at 20MHz counting rate



rWaveform analysis: time reconstruction
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Different methods to reconstruct the time of a peak:

x parabolic fit to find the peak maximum
x average of time samples weighted by the waveform derivative
v digital filter: weighting by the derivative of a reference signal

- best against noise (signal shape known)

.’:/'ﬁ'nk"df (c)
-“‘

Digital filter method to minimize N/S
for timing measurements:
solve the following equation on t :
Va = measured signal

oV, (t—t,) (includes noise)
.[Va(t) ot —dt=0 Vr = Irefe?*ence silgnal
= t, = reference time

- 5lide



r Single Photon Timing Resolution (SPTR)
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Analysis of the distributions of the t difference
between successive peaks
(modulo the laser period T

=12.367ns)

laser

Data at A=400nm
fit gives reasonable x?

with gaussian (0,") +
constant term (dark noise contribution)

The detector resolution is obtained by

thit/\/z

Data at A=800nm
fit gives reasonable x? with an
additional exponential term exp(-At/t)

*T ~ 0.2+0.8ns in rough agreement
with diffusion tail lifetime: t ~ L2/ @D
if L is taken to be the diffusion length

» Contribution from the tails ~ 10+30%
of the resolution function area

Gaussian + Tails (long A)

rms~50-100 ps ~ exp (-t / O(ns))
contrib. several %
for long wavelengths

w? Overvoltage=4V FIT: gauss+const

A=400nm

10°

102 aT——— T T WWWWWM«MWN

0 2 4 5 8 .:‘EO 2
mod(At,Tlaser) [ns]

FIT: gauss+const
| t+exponential

3 A=800nm N /
|
AN

h,
z L ed) UL E

: - o A Nl i \

e j"-"‘-‘r-lx'\ o ni'.'lgr".“*-“"-"-‘-I"*‘-”“ I [P ] '|'||'“""nh- e 1:'-1'!*‘,\'-.—.‘ e {"f‘.‘-n-'-"ll

[ alily |

Overvoltage=4V

10°
0 2 4 6 3 10 12

mod(At, T, ) [ns]

Distributions of the difference in time between successive

peaks (modulo the measured laser period T___ =12.367ns)
10

laser
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Systematics

e Contribution (main) form the electronic noise:

(1) directly measured by splitting in two the signal of
the SiPM, delaying one and recombine the two
signals again. Measure the (fixed) time difference.

(2) cross-check by doubling the noise and measuring
the effect on the resolution

This contibution includes also the systematics related to

the method of time reconstruction by waveform analysys

« Contribution from sampling
hardware (clock jitter, ...) < 5ps

« Sensitivity to the shape of the reference waveform < 5ps
« Systematics from fit procedure < 5ps

« Systematics from intensity dependence ~ 5ps

11



_' IRST - single photon timing res. (SPTR)

G.Collamnal - PTYET 20N8
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Eﬂgjg ® A = 800 nm injection
2 * A =400 nm |hole
"' injection
200 —-contribution from-
e noise and method
15y ~ (not subtracted)
150 + eye guide
..
100 -
"
N ..
50 - > S
0 | | ] | | |
0 1 2 ’/ 3 4 5 6 7
Typical Overvoltage (V)

working region
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Better resolution for
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_' IRST devices (different types)
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sigma (ps)

SiPM type without optical trench
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=
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50 |

Results in fair agreement for devices with the same structure

SiPM type with optical trench

I |
®* A =800 nm

®* A\=400 nm
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_' Hamamatsu - single photon timing res.
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300
250
200
150
100

50

G.Collazuol et al (unpublished)

1600 cells (25x25um?)

400 cells (50x50um?)

| [ nole |
® A =800 nm jnjection
® X\ =400 nm electron
, injection 2
--- eye guide -:
o -
‘ HPK-3 HPK-2
.
| | | | |
0 1 2 3 0 1 2 3
Overvoltage (V) Overvoltage (V)
Suggested

500

1450

{400

-1350

-1300

-1250

-200

150

— 100

1 50

0

Operating range

HPK

el
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_r CPTA/Photonique - single photon timing res.
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sigma (ps)
2

200

150

100

50

G.Collazuol et al (unpublished)

a) Green-Red sensitive
SSPM 050701GR TO18

b) Blue sensitive
SSPM 050901B TO18

Overvoltage (V)

Overvoltage (V)

I : 600
®* A=800nm
*A=400 nm 6
- eye guide % 500
.
o
. 400
Y .
. .
. ]
. 200
.
) K
* - 100
L
i i i i 0
0 2 4 i 2 3

Two different structures:
a) thick n*/p
b) pt/n deep junction

Carrier trapping ?

15



r Timing studies (IRST devices)
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Dependence of SiPM timing on the
light spot size and position
(By using pinhole in front of the SiPM)

sigma (ps)
— —
ke = —
= = L]
o

Co
=

70

@=10um

@=25um
@=200um
No pinhole

Over-voltage = 3V

60

50

Over-voltage = 5V

40

30!

No relevant spread
- Uniformity of rise-time

among different cells

Dependence of SiPM timing on the
number of simultaneous photons

Poisson statistics: o, « 1/VN_,

sigma (ps)

Co
=

=

o
=

50 -

40 -

20 -

.\.
'

A =400nnf®
Overvoltage = 4V

contribution from noise subtracted-
— fit to c/VN

!
™

4 6 8 10 12 14 16

AT
N of simultaneous photo-electrons ¢

16



r Scintillator decay time
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Cross check: SiPM coupled to a fast plastic scintillator 2 x 2 x 15mm?3
Only the scintillator excited by the laser blue light A=400nm.
No direct laser light to the SiPM
— measurement of the scintillator decay tail

| | ! L ™ mod(at,T__) FIT: exponential

0 20 40 60 80 100 120 140 160 180 200

) MWW Measured : WN\W

C scintillator (BC 418)
decay time 1 ~ 1.5ns

0 2 4 6 8 10 12

mod(At, T, ) [ns]

17



r

Other studies of Intrinsic
Single Photon Timing Resolution (SPTR)

G.Collazuol - PIXEL 2008
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Nagoya and Lubiana groups

Jm SPTR: HPK/CPTA comparison N

2250F S1400f
: 1750 :
SiPM - HPK . 1000}
(MPPC) 1250 800
1000} 600}
750 400/
500} ;

250 ; : ; 2001 | , | |

05460 2480 2500 2520 2540 13201940 1960 1980 2000 202

tdc 1bini25ps tdc 1bini25ps

3000

1200}

2500

2000} .. 0~69ps :
’ long tail(~4ns) 800}

1000}

c~142ps

1500 k- ?Uu_m; short tail(~0.5ns)

600}

Method: CFD + TDC + Time walk corrections

2 SIPM - CPTA1000[— b rmsfpoesft- ol

5 (MRS-APD)  so00[—- JJ e 00

= 0 . — ' L i ! L

| 39.5 40.( 40.% 41.( 41.5 0 - -

- 41.5 42.042.' 43.043.5
% TbCins) TDC(ns)

3

O

@)

Compatible with DASIPM measurements
19



Yamamoto et al

'SPTR: position dependence | amamatsu)
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FWHM (ps) | FWTM (ps)
1 199 393
2 197 389
3 209 409
4 201 393
5 195 383

148.2ps

Data include the system jitter (common offset, not subtracted)

K.Yamamoto
IEEE-NSS 2007

12 7%
o N FWHM = 263 ps
e
T
ic X FWHM = 294 ps
-y N
o IR
TN FWHM = 192 ps

K.Yamamoto PDQ7

Lower jitter if photoproduction
at the center of the cell

20



r SPTR: cell and sipm size dependence
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SiPM - MePhl/Pulsar:

B.Dolgoshein - LIGHTO7

SiPM - MePhl/Pulsar:

576 cells (25x25um?) 1600 cells (100x100pm?)
Area = 1x1 mm? Area = 5x5 mm?
10040
T 700
1x1 mm* & ExE mm”
. A 576 pixels (25 um) c00 & 1600 pixels (100 um)
i 500 i
goo ¥
= |’-J'=w 1 400 "%
S ; FWHM~140ps 3 i
8 } 3
400 ¥ 300
|l 200 —1
200 Ty -
f‘ 100
i
s — ﬂ-l—l—J .
1000 1100 1200 1300 1400 1500 1800 1700 1800 1900 2000 S00 1000 1500 2000

TDC channel (1 ch=5 ps)
B.Dolgoshein,SiPM review

TDC channel {1 ch =5 ps)

2500

21



r SPTR: T dependence for SPAD devices

: : . 50
TImINg: better at low T T | nrT
Lower jiitter at low T due to [ Time resolution of i
higher mobility s L SPAD (Cova et al.) (Wl
(Over-voltage fixed)
40 -
- VBXC=4V
)
=
%35'
30
25 1
20 -lll%.Il.]}lll:.l.llilll:lll}lll=ll:|.=.ll.l=.lll

100 120 140 160 180 200 220 240 260 280 300
Temperature (K)

G.Collazuol - PIXEL 2008

|.Rech el al, Rev.Sci.Instr. 78 (2007)
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Qualitative understanding of the
timing and PDE characteristics...

...In view of a quantitative comparison
with different models

23



w RPL model: fast simulation

“Statistics of Avalanche Current Buildup Time in Single-Photon Avalanche diodes”
C.H.Tan, J.5.Ng, G.J.Rees, J.P.R.David (Sheffield U.)
IEEE J.Quantum Electronics 13 (4) (2007) 906

Numerical model (MC): Random distribution of impact ionization Path Length (RPL)

Analysis of breakdown probability,
breakdown time and timing jitter as
functions of avalanche region width (w), 100

lonization coefficient ratio (k=B_ /o . ) 10! -
and dead space parameter (d) g 107 -
(uniform E field, constant carrier velocity) = 10 4w
1) Increasing k.. = 10 K=0.1
» *improves timing performances 1 5 (a)
& e« but breakdown probability 10° . —_——
§ P,.increases slowly with overvoltage 107
= T 102
: E 10~ -
2 1a) hole injection results in better timing 2 1034
% than electron injection (in Si devices) g 104 4 K=1
O B
© 2) dead space effects worsen timing L= (b).

performances (the more at small k) 0' o Tléd o 300 o 45{) o €00

Important for devices with small w time (ps)



! RPL mOdel Tan, Rees, Davis et al
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Ppe

10 -

0.8 -

0.2 -

Increasing k
- optimized timing

0.6 -

04 -

increasing k

1 1 I 1 1 T 1 I I 1 T 1 I L] L] L Ll

increasing k

Increasing k
- slower slope P, vs AV
10° 5
O — -
increasing k [
D —
0
£
107 -
§ 1 (@)
2 | ! I
0 ® k=1(RPL) - 10 ]
Vv k=0.5(RPL) o
@ k=0.1 (RPL) s
—— recurrence -
technique —
INERPN
........................ £ o
20 40 60 80 100

% increase in ¢ Jw [AV/V

Courtesy of C.H.Tan

02

04 06 08

1.0

jitter

Time to Breakdown

The conditions to optimize the device timing (high impact ionization
ratio B/a) are opposite of those to optimial (fast) rise PDE vs AV

25



r Comparison with data ... not yet
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Ppe

10 -

0.8 -

0.6 -
04 -

0.2 -

m &
increasing k @

® k=1(RPL)
V¥V k=0.5(RPL)
O k=0.1(RPL)
—— recurrence
technique

% increase in 0 [w

[AV/V

PDE(%)

35

30

25

20

15

10

In order to compare model with data detailed modelization will be
done (ongoing work) accounting based on:

 E field profile, carrier injection profile and saturated velocities e-h
« Check with PDE and Gain

electron injection

dominating

%

hole injection  ,
dominating

A |RST yellow light

6 8 10

12 14

AVIV (%)
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Close up of a cell (IRST
r P ( )
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Sze and Gibbons,
Appl. Phys Lett. 8 (1966)

Doping and Field profiles
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|
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rComparison with data ... not yet

Example of RPL simulation of pure DATA
electron injection in Si SPAD (DASIPM)
Courtesy of C.H.Tan
300
8 -¥-IRST 800nm (electron injection)
000 decreasing w . 250 € HPK 400nm (electron injection)
@)
’(7) ~
SRR o909 S 200
' T Vvy S
S ~ -
g ] Teg g g
10 4———————————— . . a9 150 ¢
—~ 1002 004 006 008 010 012  0J4
2 3 i
S 3 100 decreasing w 100 N
R
= € q
5| . 7
HE-
Y
= 0
g o 2 4 6 8 10 12 14 16 18
Reminder: AVIV (%)

IRST structureisnonp

HPK structure is p on n 58
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Electronics for timing applications

29



r Electrical model of a SIPM
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: quenching resistor

(hundreds of kQ)

: junction capacitance

(few tens of fF)

: parasitic capacitance in parallel

to R, (few tens of fF, C, < C,)

+ SiPM ~ ideal current source

current source modeling the

total charge delivered by a cell

during the avalanche Q=AV(Cd+Cq)

: parasitic capacitance due to the routing
of Vbias to the cells (metal grid,

few tens of pF)

11
@

] g
Firing Other Parasitic
microcell microcells grid

capacitance

1) the peak of V, is independent of R,

A constant fraction Q,, of the charge Q delivered during
the avalanche is instantly collected on C,,=C,+C,,.

2) The circuit has two time constants:
« T,= R C (fast)

« 1, = R, (Cy+C,) (slow)

Decreasing R,, the time constant 1, decreases,
the current on R, increases and
the collection of Q is faster

F. Corsi, C. Mazzocca et al.
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_r SIPM signal: effect of C_ . and Z

Gianmaria Collazuol - SORMA WEST 2008

SiPM - MePhl/Pulsar:

1600 cells (100x100um?)
Area = 5x5 mm?
C...~ 160pF

0,0
0,21
-
o -04-
]
=]
=)
S 064
E
<
084
S . —500hm
_--—-:: - g o
- ——200hm
. ETE EEEE I ——100hm
i || pixel signal — 50hm
i -124 : :
_ 4 2 0 10 12 14 16 18 20 2 24
i TR tlme,ns

ﬁ.ﬁo/joaﬁe n anr[fzﬁy(]mva
TIGHTo »

load

Z|n~7Q + JﬁdaJoer

?z” ?f/%’“‘z 5nS
T

— —
-10 1] 10 20

y;an&—z'mjoe dance amJafzﬁer
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¥ Ideal FE Electronics for timing (and high rate)

1) current amplifier or I-V converter:
- exploit detector fast component - smallest Z._(and smallest C

- detector need low external Gain ~ x20 - fast amplifier
- detector rise time ~ 100pS - w atc s wih 3GHz amplifier BW

parasitic)

2) RC shaper
—~ minimize signal occupancy (pile-up) per channel
— maximize the double pulse resolution (DPR)

3) sampling with FADC
—~ sampling at 1GHz time resolution better than 20 ps rms
and DPR better than 5ps are easy to obtain
— very robust to noise
- cost/channel ~ O(100 $)

3') Time over Threshold (ToT) Discriminator (Slew correction)
— time resolution better than 40 ps rms and DPR better than 10ps
(depending on noise and signal shape)
-~ cost/channel ~ O(10 $)

Gianmaria Collazuol - SORMA WEST 2008
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Time over Threshold technique (ToT)

Gianmaria Collazuol - Ferrara 1/4/2008

W:m c/;g']a

* developed for Hice TOF VYT ENRVEEROAROREANIAIINY

° GZItraﬁthWToWerJiacrim inato r. . -
® 8 channels 650 nm (C?‘;@?S) E %
L ns pe akdz'nj timn e E =
* 245 ps rms tz'mejz'tter : :
o Time overthreshkold te c/fnz'g ue ‘I!'I-'l-'l"""""'.". "il‘h*"'..""

FEERL N

Input of Nino

t
S S\ Nino
A E threshold
! ! F.Aghinolfi et al
| | IEEE TNS 51 (2004) 1974
1(t) | : i
V (t) 4 . i i
ka Time walk a pulse width
Output of Nino t




r Time resolution with NINO

Gianmaria Collazuol - Ferrara 1/4/2008

Keithley 2410 | current

33V measurement

P
fIii

i(t)

Courtesy of
F.Powlony (CERN)

Trigger on the laser

Laser pulse

50Q

% LeCroy scope
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Jitter of the 1st, 2nd and 3rd photoelectron

me resolution with NINO

SiPM directly
to scope

at 0.5 p.e.)

Preliminary

T T T P T T T T T
B * 3rd p.e. ]
— fit3rd p.e.
600 2nd p.e. —
— fit 2nd p.e.
1st p.e.

500 — fit1st p.e. m
< 400 o, = 287 ps (threshold-
o
5
S 300F = 219 ps (1.5 p.e.) T

200" : = 187 ps (2.5 p.e.)

100} \: -

O | | | | | | e .-'I-;::’ e :‘I&- T .I. *

19 19.5 20 20.5 21 215 22 225 23 235

delay [ns]

350_ T T T T T T T T ]
. 1 pe
01= 328 ps Gt fit 1

300 3 < - 2pe -
02= 278 ps A fit 2

i - 3 pe i
250 03= 259 PS fit 3
200 .
150 After time walk B

correction
100} |
501 -
0 L G "
| | | | | | | | |
21 215 22 225 23 235 24 245 25 25.5 26

results

SiPM + NINO

Courtesy of
F.Powlony
(CERN)
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Examples of applications

36



.4 Timing with fast scintillator and SiPM

Gianmaria Collazuol - Ferrara 1/4/2008

Dolgoshein
Beaune05

SiPM 3x3 mmz2 (5600 cells) glued directly to BICRON-418 scintillator 3x3x40 mm?3
Signal is readout directly from SiPM without any preamp and shaper !

Timing between:

« PMT(FEU 187) + Cherenkov radiator

« SiPM + BC418

A, ~ 2700 pix ~ 100 mV

MIP

Threshold~100pix

vRes

—- O

|r.:hu-m-$=-|l after TfA-nurrI

faco
%200

2000
1800
1600
1400
1200

E

w EE8E

ults: o

(SiPM+BC418)

(PMT+Ch.rad)

Sigma=
=65.7ps

RMS
¥ I ndf

Mean
Sigrma

Entries

16429
-0.0080823
2875
arT.oe {17

Constant 2285 + 23.5

0.00532E6 + 0.0Z2354
2 RA4=0.017

Constant fraction

discriminatdr

=48.5ps ;

=33.4ps

=15 =10 =5 [1] [

(electronincs)

=31.7ps

37



r Proximity Focusing Aerogel RICH + TOF

* Proximity focusing geometry

i Photo detector :
TIgITabPDO7 (Nagoya (position sensitive, pixel size=6 mm) = aerogel radiator (n~1-05; ~2cm)
and Lubiana groups) - no mirror complex.

Aerogel radiator - suitable for collider and space experiments
(n =1.05, 20mm thick)

= = « >40 K/rtfor 0.7 < p < 4.5 GeV/c
_ == B chargedtracke - Rayleigh scattering dominates in aerogel.
I~ _ . position measurement of
NS single photons in the

visible wave length region.
 Timing measurement

/s

Y

. | 200 mm -~ TOF and noise rejection by coincidences

S

S

g photosensor 40

- . . : a5 e RICH+TOF

= Timing information - ATring(K) & ——RICH

E aerogel ~37ps & 30k \ “““““““““““““““ — TOF(G+R)
o

1 o225 \

: S0\ |\

g]s =20

= S \ \\

S — ) 215 N\

S 87 NAN

8 . 10 | NN

é " - ATwindow(TVK \ \\

% ~47ps ° Aerogel \E

6 o threshold

1 15 2 25 3 35 4
Momentum (GeV/c) _g



_r Cherenkov tests with

Gianmaria Collazuol - Ferrara 1/4/2008

cosmic rays

P.Krizan (Nagoya and
Lubiana groups)

Photon detector:
eArray of 6 SiPMs

eArray of 12 R5900-M16 PMTs

as reference

Multiwire proportional
rhamhber telescaope

Scintillation
detector

Light tight box

39
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Cherenkov tests with cosmic rays

SiPM: Cherenkov angle distributions for 1ns time windows
P.Krizan (Novosibirsk 08)

Cherenkov photons appear in the expected time windows -
Cherenkov photons observed with SiPMs !

40
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Timing with LSO
sipm  Na22 SO/ (1:;18;?'0 mm?

T B Discrimin.
3 M ) (2 thr.)
B £ T T i =y T Lk |

L
4.:‘4\‘:‘1 Double threshold
method

Za [
WM\ 7 Time
A | %, |coincidence

Thr. for the
conicedence

trigger

41



4

Timing with LSO

SiPM - IRST

Gianmaria Collazuol - Ferrara 1/4/2008

1x1 mm? (50x50pm?)

| IRST40.V+3 | | IRST40.V+3 |
7 Tndf 415674 2 Tndf 4156745
Prob 0.618¢ Prob 0.6185
L Constant M114+27 Constant 1111227
- Mean  3.562e-08 : 8.912e-1: Mean  3.562e-08 + 8.912e-12
120 | Sigma___ 4402610 8461e-42 107 | Sigma___ 4.402¢-10 : 8.461e-12
100 i
- O-t ~440/\/2
80— J
: ~310 ps
60— )
40 I
20 i A
0_.| [ R B B R B A R X B I T A A |.|.r|m1.jX10. ;|' Ll T | '||" - | |||' 1 x10-9
28 30 32 34 36 38 40 42 44 28 30 32 3 40 42 4
Time difference (ns) Time difference (ns)
o Nthr.[p.e.] )
Note: O™ N decay Post P.R. 80 (1950) 1113
p.e.
E.q. Tyecay ~ 40ns (decay time for LSO)
N . ~ 100 p.e. (photopeak) Expected: o, ~ 400 ps
N, ~ 1p.e. (triggeron 1% p.e.)
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Mmi ' SiPM - HPK
w Timing with LSO

1x1 mm? (50x50um?)

Hamamatsu 50. Vop +1V Hamamatsu 50. Vop +1V
: 12 | ndf 40.86/ 3; v | ndf 40.86 / 33
40 C Constant 330.7+ 5. Constant 330.7+5.2
350 - Mean  3.444e-08 + 4.794e-1; Mean  3.444e-08 + 4.794e-12
- Sigma  3.551e-10 £ 4.773¢-1; Sigma  3.551e-10 % 4.773e-12
300 :— | an?
2500 O-t - 3 5 5 / \/2
2001 ~250 PS
E L N
150— n
100 i H
50 ;— 1
: | | l L 1 o | y I 1 | L1 1 ATl g ] lod |. 1 1. | X1 0 11 | — 1 X1 0-9
026 28 30 32 34 36 38 40 42 26 28 30 32 34 36 38 40 42
Time difference (ns) Time difference (ns)

More photoelectrons
(higher PDE)

G.Llosa, DASIPM (unpublished)

Gianmaria Collazuol - Ferrara 1/4/2008
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Timing with LSO

Gianmaria Collazuol - Ferrara 1/4/2008

Hamamatsu 100. Vop

SiPM -

Hamamatsu 100. Vop

v I ndf 57.69/3:

- Prob 0.00495

350 || Constant 346.5+ 5.

C Mean  3.467e-08 £ 4.848e-1.

300:— Sigma  3.674e-10+ 5.027e-1.
2501
200
150
100/
50

UZLIILLMII-L!I- i R 41[J..11.J.|||JX10.

30 32 34 36 38 40 42
Time difference (ns)

G.Llosa, DASIPM (unpublished)

o, ~367/V2
~260 ps

HPK

1x1 mm?2 (100x100um?)
v | ndf 57.69/33
Prob 0.004951
Constant 346.51 54

Mean 3.467e-08 £ 4.848e-12
Sigma  3.674e-10+ 5.027e-12

30 32

34

iy

Time difference (ns)

107

40 42
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Timing with LSO

Gianmaria Collazuol - Ferrara 1/4/2008

Hamamatsu 3mmx3mm. Vop

Hamamatsu 3Immx3mm. Vop

SiPM - HPK
3x3 mm? (50x50pm?)

U o
F ro . : .
2200~ ﬂ Constant 2263 + 15.! Constant 2263+ 15.2
- Mean 3622008+ 1492e-1i 403 Mean  3.622e-08 + 1.492e-12
2000 = Sigma  2.687e-10 £ 1.331e-1. Sigma  2.687e-101£ 1.331e-12
1800 |
1600—
: 0 ~269/v?2
1400 t
1200 —_ 1 9 O p S
1000 -
800 10 =
600 -
400F- I ‘
2000 1L I ‘”‘ WM m
0|:| [ AN RN B BN AN i ENENE INENEN S A A A A X10 ;—[' 1 ”" l||| '| Lo Ly [ H|| || l| l||l H | x10-9
28 30 32 34 36 38 40 42 44 46 28 30 32 34 36 38 40 42 44 46

Time difference (ns)

G.Llosa, DASIPM (unpublished)

Time difference (ns)
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L4 Conclusions

SiPM are intrinsically very fast:

* core (gaussian) fluctuations below 100ps, depending on AV
* Non gaussian tails up to O(ns), depending on wavelength

The conditions to optimize the device timing (high impact
lonization ratio /a) are opposite of those to optimial (fast)
rise PDE vs AV

High bandwidth current amplifier + fast sampling electronics
best choice for timing applications (robust against noise and pile-up)

Best (gaussian) resolutions in applications:

* Cherenkov: O(10ps)

 Fast plastic scintillators O(20ps)

« Fast crystal scintillators O(150ps)

Non-gaussian tails to be considered (for long wavelengths)

G.Collazuol - PIXEL 2008
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Appendix:

Recent measurements about

temperature dependence of SiPM
parameters

47



r Temperature characterization

G.Collazuol - PIXEL 2008

v . . Setup: vacuum vessel

+ cryo-cooler

Q_

" Vacuum
- vessel
_ (std
= - working
T . cond.
P~10+4
- mbar)

3l gl

b L8 0

—————— T
Acknowledgments: A.Baldini, A.Brez and M.Minuti (INFN Pisa)

cryo-cooler

SiPM's are in thermal contact with a cooled Cu rod

48



so+ To @nd Gain

r T dependence: V

V,, breakdown voltage: v, increases with T:

At higher T carriers loose more to lattice

- lower mobility, shorter mean free path (A)

- carriers need higher V to impact-ionize
(temp. coefficient AV, /AT ~ 20mV/K - 80mV/K

depending on doping concentration)

G.Collazuol - PIXEL 2008



_r -V measurements at different T

SiPM - IRST (1x1mm?, fill factor 50%)

10° a—
e
o2l | . 300K
| : : N
0 L Lt 280K
o s> o o B0 O Ey N
« £ 260K
I -
| " 5 235K
10+ v .
S ' !
. 0™ PRI
= .
5 _3 . 175 K
5 100 K
= _
5 N | | | | | | _

20 225 25 27.5 30 32.5 35 37.5 40



r V., Break-Down vs T

(> (C'allaznnal - PTXYFET 270N

36 -

32+

30 +

26+

24+

22+

20

Data: IRST devices_

¥/ndf 9559 / 2

Pl . 0.8600E-01
P2 0.8352E-01 £ 0.344gE-03-

/

At high T (fit above 240K) /
Av, /AT ~ 80 mV / K

v

'
/

/
¢/
/
i 4

AV, VAT ~ 0.025 K

1 1 | | |
50 100 150 200 250 300
T(K)

G.Collazuol (unpublished)

Model: Baraff PR 128 (1962) 2507

Si ABRUPT JUNCTIONS
————  Ge ABRUPT JUNCTIONS
——————  LINEARLY -GRADED JUNCTIONS
nl
2 BACKGROUND DOPING (cm™%1 10" /
™
8
=
1.5
D
FFFFFF e = X
— Gcel9xio'®cm~
===
Pt silex 08 em=
osl- —
1 § i i
o 100 200 300 400 500 600

T(*K)

Fig. 4. Breakdown voltage vs temperature for Si and Ge
p-n junctions. Vy(300°K) is 2000, 330, and 60 V for Si and 950,
150, and 25 V for Ge for dopings of 10, 10", and 10" ¢cm™?
respectively. The linear-graded junctions have Fy(300°K) the
same as those for doping of 10'* cm™*.

Crowell and Sze, APL 9 (1966) 242
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B Vs, Break-Down vs T

G.Collazuol - PIXEL 2008

Erecakdown Voltage (W)

Data: HPK devices

i :—————i—————-:f———-—i _____ 1.____+__
p———- —--__| -
- |
Ti: ————I- ———————— —I ————— __T__
Np—————t————i———- — -—-—T-_
| SRR NS M. SESE S +__
T (A
4 —— S VN — S W
- AV, N, AT ~ 0.008 K
a2 E____ I —_——'i'—————i ————— -i—————.i.__
H'h:'l III1[I[IIIII1EI]III I:!:I:II III!EI]IIIIH["]I
Temperature (K)

Otono et al - PDO0O7

Model: Baraff PR 128 (1962) 2507

Si ABRUPT JUNCTIONS
————  Ge ABRUPT JUNCTIONS
——————  LINEARLY -GRADED JUNCTIONS
nl
2 BACKGROUND DOPING (cm™%1 10" /
™
8
=
1.5
D
FFFFFF e = X
— Gcel9xio'®cm~
===
Pt silex 08 em=
osl- —
1 § i i
o 100 200 300 400 500 600
TI*K)

Fig. 4. Breakdown voltage vs temperature for Si and Ge
p-n junctions. Vy(300°K) is 2000, 330, and 60 V for Si and 950,
150, and 25 V for Ge for dopings of 10, 10", and 10" ¢cm™?
respectively. The linear-graded junctions have Fy(300°K) the
same as those for doping of 10'* cm™*.

Crowell and Sze, APL 9 (1966) 242 -



a0+ To @nd Gain

_r T dependence: V

Recovery time: 1, decreases with T

Due polysilicon R, properties

T() | RaMQ) | H.Otono - PDO7 W;_ ns
300 o2 Characterization . \

77 1.7 of SiPM by HKP at low T

Cell Capacity does not vary with T

. . A A - i : L I

J 1E i T ]

it - , i+ .‘ o il ditins , S 1 il
: B : PP ool
: . : oz B ]I 2

L : . ; E \ Y

Basess Son s snsls s el g pf s’ P

B 20.0mve e

.. I
Gain independent of T |
at fixed Over-Voltage Waveform:

Two components, show ! : o
different behavior I N e w
of T because stray C couple with 2 e ol oo sl o gress o mendimrel
external R independently of RQ) L Taesezoeons

25
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W Dark count rate: free carrier generation

G.Collazuol - PIXEL 2008

Two main mechanisms

(1) Generation

SHR generation (Field Enhanced)

(2) Field-Assisted Generation: tunneling
(trap-assisted and band to band)
CB

GR
center

- Recombination Centers VB

in the depletion region

Example:
ntrinsic carrier - effective volume V_.=A _ * W i epretion
.
dNemissE n, (1/cm®s| concentration V ~1mm?¢50% ¢ 4um
dt 2T - T ~10ms (good quality technolo
g\ minority carrier lifetime Pgrob to tlfig er Ecalvalarilche P 9y)
~ 1/Ngeneration centers ) . gg 01
Pe,,~100% for electrons
Ph,,~1/2 P¢,, ~ 50% for holes
- Dark rate ~ VP, /1, ~ 2MHz (n+/p: e trigger the avalanche in depl. region)

~ 1MHz (p+/n: h trigger the avalanche in depl. region)54



r T dependence: Dark Current

G.Collazuol - PIXEL 2008

Data (IRST devices)

(fixed over-voltage)

I(nA)

102 L

10

Dark rate sources:
1. Diffusion

I by minority carriers: negligible ay T room

reverse

—— 2. SHR (Field Enhanced)

Rule of thumb: factor x2/8k (at fixed Over-voltage)

Dominates at T room R —E,
IreverseOCT exp 2 KBT

+— 3. Band to band Tunnel

3(|]G
T(K)

100 150 200 250

G.Collazuol (unpublished)

Acknowledgments: A.Baldini, A.Brez - INFN Plsa

Strong dependence on the Electric field profile
May dominate at low T
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r T dependence: Dark Rate

MePHY/Pulsar

Hamamatsu
N F
I ﬁ_ z
o ey o 0 v 15010
T 10 300K N I-IE.SEHJ;
x T + 4510
I 1u‘§— <hin % o650
1035— ﬁ
wE 200K, A ——
10%— Tunneling I ¢ "_-_—__-I
: 77K o iy !
15— B L I
C e s e e 1.1
2.5 3 3.5 4

H.Otono - PDO7

G.Collazuol - PIXEL 2008

Overvoltage (V)

1071, K
Dolgoshein et al, NIM A 442 (2000)

Electric field engineering and silicon quality

make huge differences in dark noise as a function of T

1.3
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Spares

800¢C TdXId - [ONZB[[0)"D)
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r Timing resolution of photo-detectors

G.Collazuol - PIXEL 2008

Time Resolution vs. Sensitive Area

10000

1000 —

. }i\'\l\\;\\\\\'

SN MCP PMT

Time Reso‘.lu_t.ion (psec)
8
]

10—

N

Streak Tube\%\\}\}’

N
S
S

: =

—

0.001
001
0.1=

Sensitive Area (cnt)

modified from K.Arisaka NIMA 422 (2000)

I
g

10000

Note resolution improves:

» by decreasing active area
* by decreasing the intrinsic
» detector capacitance

-as o/t ~ 1/VNpe ~1/VQE

Note tails matter:

* MCP

« APD < 2ns at 1/10° (best)

* SiPM< 1ns at 1/102 (only largeA)
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r The building block of a SiPM: GM-APD

Reverse polarized p-n junction Different working regimes
depletion e for reverse biased diode
i 1E-06
' e | — IMPACT IONIZATION ON
- 1E.08 - — IMPACT IONIZATION OFF
P T < 01 E) 1E-09 |
— |g B0 photodiode
A | L 1E-11 - -
> _ L
E electric field = i:z 7 full depletion
in the reversed S e : y
bias diod a
ias diode S| ; | \
1E-16 BD . ‘ APD
R -0 20 I_?zeoverse Bi;IsSVoItage _(1/% © °

S AP_D: Linear-Proportional Mode GM-APD: Geiger Mode

< +Bias BELOW Vg, (Vipp <V <Vyp) - Bias ABOVE Vg, (V-V,, ~a few volts)
. * It's an AMPLIFIER . « It's a TRIGGER (BINARY) device

5 * Gain: limited < 1000 due to fluctuations . G5in: _ oo

CHE Strong dependence on T and V. . Limited by dark count rate

S

« No single photo-electron resolution . Single photo-electron resoution

59



Operation principle of a GM-APD

G.Collazuol - PIXEL 2008

Diode Biased ABOVE V, A.Spinelli Ph.D thesis (1996)
« t=0: carrier initiate the avalanche

-~ Photon @ center of the cell

No quenching:
“Isteady current

\ 4
Correnta [mA]

depletion region o

R W A O O N @ D
T

- O<t<t,: avalanche spreading

-
|

\{ery _fast 5 . . . : .
rise time 0 o 4 8 B 10
o t, Tempa [ns]
. t, <t: self-sustaining current A
(limited by series resistances ) '
VBIAS
To detect another photon need a tf 1 t) t
0 1 -

mm) quenching mechanism. Two solutions:
 large resistance: passive quenching Vot ‘

v, » analog circuit: active quenching _\/—
L




v Electrical model of a GM-APD

Passive quenching studied in detail in the '60 to model
micro-plasma instabilities Mclntrye JAP 32 (1961), Haitz JAP 35 (1964)

The Geiger-Mode APD can be modeled with an electrical circuit
and two probabilities:

» Switch OFF = micro-plasma non-conducting [————— —

e Switch ON = micro-plasma conducting \

I
- C,diode capacitance (some 10fF) |
|
I

BIAS
VD —

« R_ series resistance (~1kQ)
R, quenching resistance (> 300kQ)
V., <V, (few % relative) |

<
@
|_/_

O

IU
|
I
' <

bias

——— e E——— —— —— —]

e P,, turn-ON DIODE

Probability that a carrier traversing :
the high field region trigger an avalanche

|
<
(W)
A
| <

BIAS

Probability that number of carriers

I
I
e P,, turn-OFF | Veo
|
in the high field region fluctuates to 0 |

G.Collazuol - PIXEL 2008

Internal/external currents
61



w Operation principle of a GM-APD

G.Collazuol - PIXEL 2008

In GM-APD the detection of a photon essentially triggers
the full discharge of a condenser !

Gain = charge on the condenser / electron charge.

The Gain fluctuations in GM-APD are very small and
different in nature compared to APD where the statistical
process of internal amplification shows peculiar
fluctuations (multiplication noise)

Note: effective quenching (R,) is crucial to have a well defined gain

Good quenching Bad quenching
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rCIose up of a cell (IRST technology)

fg ; _ s Dead region
-

Trench | coverec
with ~metal

Shallow-Junction

Shallow n* layer i
(0.1 um)

Fully depleted region

(4 um)
T[epitaxial \
~ Substrate ctive volume
low reSIStIVIty contact no micro-p]asma's I

(500 pm) (lower V,_ due to
oxide precipitates) ‘o .

00 high quality epitaxial Critical region:
S L ) i » Virtual guard ring to prevent
2 Optimization for the blue light (420nm) edge-breakdown
%+ n*on p abrupt junction structure (n* layer extends
&« Anti-reflective coating (ARC) optimized for A~420nm beyond p layer on m)
=« Very thin (100nm) n* layer: “low” doping n* layer * Leakage current
§ ~ minimize Auger and SHR recombination * Surface charges
= < Thin high-field region: “high” doping p layer (limited by tunneling breakdown)
8 - fixes V,, junction well below V __ at edge

- R, by doped polysilicon
» Trenches for optical insulation (low cross-talk)
» Fill factor: 20% - 80% C.Piemonte NIM A 568 (2006) 224 63



v Dark count rate

G.Collazuol - PIXEL 2008

Critical issues: * quality of epitaxial layer

e gettering techniques

Hamamatsu device (1mm?)
S.Uozumi - Vienna VCI 2007

ﬂ600400 p|Xe| _ - -
g ; HPK-2 ol
() - . n
F400- ." i
e - [ I
% ; - ) " "
52000 ,*" " 25 °C
zZ [ = «20 °C
O ; Threshol = O 5 photo electrons *15°C
O 5 1 5 2 2.5
Vbias - V0 (V)
NOTE:
T dependence
NOTE:

~ linear dependence due to P, « AV
~ scales with active surface

Dark count (Hz)

3.0E+06

2.5E+06 -

2.0E+06

1.5E+06 -

1.0E+06 -

5.0E+05 -

0.0E+00

7.E+06

6.E+06 -

__5.E+06 ~

Dark count (Hz)

2.E+06

IRST device (1x1 mm?)

&

——-5°C
——5°C

——15°C
——25°C

= 4.E+06 -

3.E+06 -

T2 3 4 5 6 7 8 9 10
Overvoltage (V)

IRST device (4x4 mm?)

16 x Dark Count T
of Tmm? SiPM

28

29 30 31 32 33
Voltage (V)

~ non-linear at high AV due to additional rate from cross-talk (« AV?)
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r Detector performances

G.Collazuol - PIXEL 2008

PDE = QE *x P, * ¢

QE = quantum efficiency

P,, = avalanche triggering prob.

e = geometrical fill factor

~—— Photo-detection efficiency

65



_' Photo-detection efficiency (PDE)

~.Collazuol - PIXEL 2008

PDE = N / N

pulses

=QE * P,* ¢

photons geom

Carrier Photo-generation ,

(QE = probability for a photon to generate a carrier that
reaches the high field region)

X
Avalanche triggering

(P,, = probability for a carrier traversing the high-field to
generate the avalanche)

X
Geometrical fill factor

(e = fraction of dead area due to structures between
the cells, eg. guard rings, trenches)

y-point (2um pitch)

W.Oldham et al. IEEE TED (1972)

| a. Transmission efficiency |

“External QE”

| b. Internal quantum efficiency |

“Internal QE”

active
region

Hamamatsu
SiPM close up |
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r QE: Efficiency of a single cell

G.Collazuol - PIXEL 2008

Two factors in QE:

(1) transmittance of the entrance window
(dielctric on top of silicon surface)

(2) probability of a photon inside to
generate a e-h pair in the active layer
(internal quantum efficiency)

Only the depleted region is fully active
to efficiently photo-generate because
of high recombination probability in the
un-depleted regions.

Only a small layer (A ... ~VDt___ )

at the edge of un-depleted regions

contributes to the photo-generation
(critical for UV light)

1 1E+06
‘ .
0‘9--\\\--------------:.,: ——————————————————— ]
1 N\ o1 pt
0,8--\-1---\--------..1‘---:- ------------------------------- - 82405
»* :

07 SN -\ T o e | 72405
b \ o : -
2 ! 4
- R R R e 62405 §
3 : i SO _—
E 051 -\-- TN T T T Telectricfield TT T T T T T T T T T T T T [ 32+05 g
E \- g 2
TR A O S~ I 42405 5
[ \ N\ .. -

034-F4-N----ag-----2 s e e L 32405

024 ___\___- 420nm b e e o o e o o | 25405

\ . -
0.1 L e mmmmmmmmmmme—e=IT-Tad {E405
0 e .~ ")
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QE optimization

« Anti-reflective coating (ARC)
* Shallow junctions for short A
* Thick epi layers for long A
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r QE: Efficiency of a single cell

G.Collazuol - PIXEL 2008

Direct access to internal QE and transmittance through ARC

by measuring photo-voltaic regime (V

~0V)

bias

the photon detection efficiency of a
diode with the same n*/p junction structure and same ARC
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small tlayer thickness

IRST devices
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r Avalanche trigger probability (P, )

G.Collazuol - PIXEL 2008

1.0
0.9
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0.7

y
o
)

Probabilit

0.5
0.4
0.3
0.2
0.1
0.0

P,, dependence on position

P MAX™ ]

- 1.E+06

—————— — 8.E+05

— 4.E+05

- 2.E+05

0.E+00

- depth (um) .

Example with constant high-field:
(a) only holes may trigger the avalanche
(b) both electrons and holes may trigger

(but in afraction of the high-field region)

(c) only electrons may trigger

* high over-voltage POl optimization -

» photo-generation in the p-side of the junction

1

C.Piemonte
NIM A 568
(2006) 224

lonization rate in Silicon

lonization Rates {1/um)
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N
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-
m
o
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E field (W/cm)
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r Avalanche trigger probability (P, )

P_=PDE/QE /¢

geom.

100 1
* .5V overvoltage L Y ID 1E+08
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20 ““:ﬁ:w.. 0.24-t -——-\«(-— 4200m N e T ORCE TP L 22405
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4 0.14-fF---400nm - -- - e, "R, WSS SR e S 1E:05
10 ‘ ~ s T
0 i — T T | 0 T \"“'1=-I-— -T-""——_'——_...,—...w,,go
0 02 04 06 08 1
400 50 600 700 800 h» - depth (um)

vavelengths (nm)

Only e~ cross the high E
field region and trigger
the avalanche

Both h* and e- might trigger the avalanche
(but cross only a fraction of high field region)

G.Collazuol - PIXEL 2008

Only h* cross the high E field
trigger the avalanche

IRST devices



r

G.Collazuol - PIXEL 2008

IRST devices - PDE vs over-voltage and A

PDE

devicewithe  ~50%

PDE dependence on AV
(at different A)

PDE dependence on A

0.35
— L=400nm
03 7 — L=425nm
0.25 - —L=450nm
02 —t=ggg”m Linearity below
L || — L= nm
__ L=550nm| AV~3V
0.15 +
0.1 - Saturation starts
0.05 - above AV~3V
O 1 T T T 1
30 31 32 33 34 35
Bias voltage (V)
device with € . 22%
. geom
) * 1.5V overvoltage
161 -0"'""""""“»...... 2.0V overvoltage
14 » ."-.. 2.5V overvoltage
1 o . ¢ 3.0V overvoltage
12 1 .l. * ENT ~vrar
o W N 3.5V overvoltage
2 10 .,. ...,.9"“ b N , %%, . * 4.0V overvoltage
2 e %o *e,

300 400 500 600 700 800 90C

wavelengths (nm)

Reduced because
low QE

Reduced because
avalanche triggered
by holes (and ARC)

(at different DV)
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_' PDE VS wavelength shape: comparison

G.Collazuol - PIXEL 2008

PDE (linear scale, a.u.)

(Comparison of the shape)

Photon detection efficiency (Room temperature)

o XP2020 PMT

holes
electrons

NOTE:

eIectrons@l N+ |
holes1

1 « [NR/JINR APD
& CPTA APD
__ﬁ_.g._
A1 o “th IRST
i" 9
j.‘ #“ﬁ
adt *eq
T o0natoreed
350 400 450 500 550 600 e50 700 0 750 800
Wavelength [nm]

n+

/
A

p+

« The absolute scale (peak value) is set by fill factor (up to 70%) and over-voltage
» Obviously PDE shape is extremely dependent of the structure:

p-on-n (where essentially electrons trigger avalanches for short wavelengths) is naturally
more blue sensitive than n-on-p (holes trigger avalanches for short wavelengths)

* The use of WLS on the surface (enhance PDE to short wl) degrades the timing resolution
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r T dependence: PDE (SPAD devices)

0.71

PDE dependenceon T

(Over-voltage fixed)

064 PDE of SPAD
(Cova et al.)

=
N
i

295K
244K

-
=
|l

Combination of two effects:
« P, increases at low T

because of increased impact ioniz.
 Energy gap increases at low T

=
L
'

Detection Efficiency
=
[

Similar effect expected also for SiPM

—
—
]

u I I I I I 1
400 500 600 700 800 900 1000

Wavelenght (nm)

G.Collazuol - PIXEL 2008

|.Rech el al, Rev.Sci.Instr. 78 (2007)



r After-pulsing (delayed noise)

G.Collazuol - PIXEL 2008

Marmalized caunt

l.e. Carrier trapping and delayed release

exp(—t/T)

P t) = P,

Cc

‘Poy o« AV
X
P,, : trigger probability
« AV(t) (over-voltage, recovery)

after—pulse (

Ve T : trap lifetime

P_: trap capture probability depends on trap Ievelpo},
« carrier flux (current) during avalanche « AV (over-voltage)

quadratic
dependence
on AV

« N traps
0.05
1.0x10° - . Overlap of waveforms
experimental data 0 ““
fit ——
-0.05
1.0x107" | < 011
(0]
g0 nential
S |
] = 0.2 |
1.0x107% |
-0.25 A
0.3 | After-pulsing ST e
i more probable at short delays
1.0x107 : — — - : § -0.35 ‘ ‘ :
0 5e-02 1207 1.5e-07 2807 25807  3e-07 1 0E-08 1 0E-08 3 0E-08 5 0E-08 7 0E-08
Delay (s) ,
Time (s)
Fig. 10. Spectrum of the delay time from the primary pulse to the after-pulse. It Ca N be red uced to O/ |n a Wlde AV ra N e
. (0]
C.Piemonte et al. IEEE TNS 54 (1) (2007) 236 9
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r Optical cross-talk (excess noise)

Carrier luminescence (spontaneous direct
relaxation in the conduction band) during
the avalanche: probability 310> per carrier
(crossing the junction) to emit

photons with E> 1.14 eV

A.Lacaita et al. IEEE TED (1993)

Photons can induce avalanches in neighboring cells.
Depends on distance between high-field regions
Quadratic dependence on over-voltage:

e carrier flux (current) during avalanche « AV

* gain « AV
hv

S
g Pr— \_?"’—_2"‘:.'2;{”
=
< p
~
s Counteract:
S e optical isolation between cells
S by trenches filled with opaque material
G

* low over-voltage operation helps

It can be reduced below % in a wide AV range
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r T dependence: after-pulsing, cross-talk

Temperature °C =
3
After-pulses: increases at low T ¥ 1 3
Trap lifetime decreases as T increases : ; mﬁ
—_ ] % H
: o 10 78
~ Afterpulses - SiPM HPK o 13E
8 120 g N 1 < g
~ & T 13
g 120 I 77K 200K o 10-55- - éé.
110 E e ) ==
% 100 I g n O
B . x )
3 w @ 10 :
i TN > a3
300 ~42 :
i 200 =9 300K - Crosstalk - SiPM HPK 00T
77 ~108 o 5
i : o) >
:mlzu L L [y S e e i P (a — 45
2 " " BiasVoltage[V] & 2 .
- o 04—
S 9 c 8 Red 300K  °
5 5 Q B Green 200K
. ol .E
- . T 03 Blue 77K
= Cross-talk: decreases atlow T - ;
E Observed slight reduction atlow T ——»  t N
= : b
5 045F- iy
O (due to lower PDE for - e
O long wavelength photons which dominate 0ME oo
the carrier luminescence spectrum) A
| | | | |

el 0 A A, O N 0 G, NS R A
1.5 2 25 3 35 4 4.5 5

Over Voltage [V] 76



r Hamamatsu: PDE of SIiPM vs QE of PMT

70
60 |
SiPM (100um)
50 SN | > 5 — | |
i - skidda_ Example Data for
o 40 | SiPM (50um) 240 /,/\\ x1.6 UBA : R7600-200
= 4 : =Y
g $0 j -AYSTD : R7600
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20 20— sThagn el
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0 PMT S / \
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_r Comparison HPK-IRST

G.Collazuol - PIXEL 2008

Product. Hamamatsu IRST
p+ n+
n+ el. holes
Type
Gain 10°-10° 10°-10°
PDE 30-70% 30-70%
(UV)-blue-green (blue)-green-IR
Noise 200kHz - 1MHz ~ HPK x 2
After-pulse ~ 10% ~ 1%
Cross-talk ~ 10% ~ 1%
Timing ~ 100 ps ~ 60 ps

NOTE: in the standard working V,___range
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Fast detectors, fast signals

Detector Signals:

Moving charges (in an electric field):

Bias

i(t)=n(t) q v(t)

~1t 1t

Rise-time i'(t)=q[n(t) vi(t) + n’(t) v(t)]

Ly
—

Maximize
n electron multiplication PMTs, MCPs
dv/dt gE/m  electric field (in vacuum)

dn/dt primary ionisation, multiplication
\'; t. gE /m electric field

- Vacuum devices

- Electron multiplication
- Low capacitance

- High electric fields



Fast detectors

Sub-nanosecond: 10-100 ps rise-time
Fast
Signals Rise-time Time resolution
Solid state
APDs 102 300 ps 90 ps
Silicon PMs 107 100 ps 90 ps
3D Silicon 104 500ps ?
Very fast
Multi-anode/mesh PMTs 107 200ps 50 ps
MCP PMTs 106 150 ps 20-30 ps

Multi anodes MCP PMTs 30 ps? 1 ps?



Pulse sampling

Digitize samples over pedestal and signal
Fast analog sampler + ADC: [E. Delagnes, Saclay, this workshop]

Assuming the signal waveform is known from the detector and electronics
properties:

Least square fit yields:
—>

Amplitude
Time

Iterate with new values until convergence

LSQF: [W.E. Cleland and E.G. Stern. NIM A 338 pp 467-497]

- All samples contribute to timing estimation
- Very robust to noise
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